ABSTRACT
INTRODUCTION
Actinomycetes are abundantly distributed from 10 to 50% of soil microflora community (Alexander 1997) with the possibility of producing 10-20 secondary metabolites for each actinomycete strain (Bentley et al. 2002; Arasu et al. 2009 ). Actinomycetes receive a wide attention due to their potential as producers of a large number of useful and diverse function bioactive secondary metabolites such as antibiotics and extracellular enzymes (Inbar et al. 2005; El-Tarabily and Sivasithamparam 2006) . Actinomycetes have been associated as biocontrol agent in several studies against plant pathogenic fungi and pathogenic bacteria (Hasegawa et al. 2006; Baltz 2008; Loqman et al. 2009; Oskay 2009 ). Apart from that, actinomycetes are also able to promote plant growth by the production of phytohormone and indole acetic acid compound (Hamdali et al. 2008) . However, potential of actinomycetes as plant growth promoter has been poorly investigated despite of their abundance population in soil microflora (Doumbou 2001) . Cultivation of resistant varieties is one of the options to overcome disease emergence but resistant varieties are susceptible to the disease within consecutive years of application (Ouhdouch et al. 2001) . Other issues related to excessive dependency on chemical pesticides, which frequently contribute to environmental pollution and human health problems. Therefore, natural or biological control has received increased attention because it provides an environmentally friendly, long-lasting, inexpensive and safe alternative for control of plant diseases (Aghighi et al. 2004) . Within the same context of safe food and environment obligation as well as cost wise, the use of plant growth-promoting agent to improve plant growth is an alternative for reducing chemical inputs in agriculture (Saharan and Nehra 2011) . Potential of actinomycetes to be developed as biocontrol agent is mainly indicated by antibiosis, lysis mechanism, plant systemic resistance stimulation and plant growth promoter substances (Berg and Hallmann 2006) . Biocontrol agent, which may function as plant growth-promoting agent at the same time stimulate plant growth directly by altering plant hormone levels, facilitating iron acquisition via siderophore production, fixing atmospheric nitrogen and solubilising minerals for plant uptake (Lugtenberg and Kamilova 2009) . Utilization of actinomycete strains with biocontrol and plant growthpromoting characteristics in biofertilizers and biocontrol products are the best approach, which facilitate in sustainable plant cultivation (Verma et al. 2011) . Cutting-edge research on biocontrol and agents for pathogenic Xanthomonas spp. within different hosts has focused on the use of plant-associated bacteria, especially Pseudomonas fluorescens and different strains of Bacillus spp. (Velusamy and Gnanamanickam 2003; Kloepper et al. 2004; Dutta et al. 2005) . X. oryzae pv. oryzicola (Xoc) is the causal pathogen for Bacterial Leaf Streak (BLS) disease, which is one of the important diseases in the tropical and sub-tropical rice cultivation areas of Asia (Xie and Mew 1998; Chen et al. 2006) . BLS is prevalent in Asia and certain regions of Africa, where the yield loss can reach up to 17%, depending on the rice variety and climatic conditions (Wang et al. 2007 ). To-date, no reports are available on the efficacy of actinomycetes against Xoc in rice. Preliminary screening via in vitro assay is important as initial step in selecting the best actinomycetes with multi beneficial attributes as plant growth regulators and biocontrol agent properties. Therefore, the aim of this study was to isolate, screen and characterize plant growth and biocontrol traits of actinomycete strains capable of antagonising Xoc pathogen via in vitro assay.
MATERIAL AND METHODS

Isolation of actinomycetes
A total of 92 actinomycetes with different morphological distinctions were collected from the soils, rhizosphere and internal roots of rice plants obtained from different rice cultivation areas of Tanjung Karang, Semerak and Kuala Muda in Malaysia from August 2013 to June 2014. Isolation of actinomycetes was performed according to each type of sample: i) for soil, 10 g of soil was mixed with 90 mL of sterile distilled water; ii) for the rhizosphere, 2-5 g of rhizosphere was mixed with 95 mL of sterile distilled water; iii) for internal roots, 2-5 g of rhizosphere samples was surface sterilised, and roots were meshed with mortar and pestle and mixed with 95 mL of sterile distilled water; iv) for healthy leaves (free from disease symptoms), 2-5 g of healthy leaf samples was fragmented to a length of 2-cm and surface sterilised, and sterile leaves were mashed with a mortar and pestle and mixed with 95 mL of sterile distilled water. All mixtures of samples were homogenised and shaken in an incubator shaker at 180 rpm for 20 minutes. Next, serial dilutions of each sample suspension were inoculated on Actinomycetes Isolation Agar (AIA, Difco) using the spread plate method and incubated at 28°C for seven days. The AIA medium was supplemented with 40 µg/mL of cyclohexamide to inhibit fungal growth and 10 µg/mL of nalidixic acid to inhibit other bacterial growth without affecting the actinomycetes (Loqman et al. 2009 ). Pure cultures were obtained by sub-culturing and were stored in 20% glycerol at -80°C for long-term preservation.
Antibacterial activity against Xanthomonas oryzae pv. oryzicola (Xoc) The bacterium used for this study, Xanthomonas oryzae pv oryzicola (Xoc), was isolated and characterised via biochemical and molecular methods, including pathogenicity testing prior to further analysis of antibacterial activity. Purified Xoc culture was inoculated in Peptone Sucrose Broth (PSB) supplemented with cyclohexamide (0.05 g/L), cephalexin (0.04 g/L) and kasugamycin (0.02 g/L) and incubated at 28°C for three days. Then, the test pathogens were diluted with sterile distilled water and the concentration was adjusted to approximately 10 7 -10 8 CFU/mL using a spectrophotometer at a 660 nm wavelength. Pure actinomycete culture was inoculated vertically at the centre of Yeast Malt (YM), agar with 5 mm length and incubated at 30°C for seven days. The growing actinomycetes were killed by inverting the plates over chloroform for three min (Lemessa and Zeller 2007) . Next, plates with grown actinomycetes were flooded with 2.0 mL of previously prepared pathogen suspension, air dried and incubated for 2-3 days. The antibacterial activity that indicated antagonistic results was measured by subtracting actinomycetes colony growth length at the centre plate from the combined inhibition zone length and actinomycete colony growth length. The experiments were conducted using a completely randomised design with three replications.
In vitro screening of hydrolytic enzyme production Active antagonistic actinomycetes were selected from the previous experiment and evaluated for hydrolytic enzyme and plant growth-promoting activities. Actinomycete isolates were inoculated in YM broth at 30°C. After seven days, concentration of actinomycete in YM broth were adjusted to 10 8 CFU/mL and were spot inoculated (10 µL) onto specific media plates for each enzyme determination (amylase, protease, cellulolytic and lipase). All diameters that indicated positive results were measured by subtracting the actinomycete colony diameter from the combined positive zone diameter and the actinomycete colony diameter.
Amylase enzyme
For amylase enzyme detection, starch agar was prepared using peptone (5.0 g/L), beef extract (3.0 g/L), soluble starch (2.0 g/L) and agar (16 g/L). Isolate suspensions were inoculated onto starch agar and incubated at 30°C for seven days. Plates were flooded with iodine solution and the diameters of positive results were measured by the non-blue surrounding growth.
Protease enzyme
Protease detection was performed using skim milk agar (Difco). The diameter of a positive reaction was measured by the appearance of a clear zone surrounding the actinomycete growth on skim milk agar after seven days of incubation at 30°C.
Cellulase enzyme
Cellulolytic enzyme production was measured using carboxymethyl cellulose (CMC) agar. The medium was prepared using CMC (5.0 g/L), Na 2 HPO 4 (6.0 g/L), (NH 4 
Lipase enzyme
The agar medium for lipase enzyme production was prepared with slight modifications (Silfkin 2000) . The medium consisted of peptone (10.0 g/L), NaCl (5.0 g/L), CaCl 2 (0.1 g/L) and agar (15.0 g/L) with the pH adjusted to 6.8. The medium was sterilised and cooled at 50°C and supplemented with sterile Tween 20 (0.5% concentration of final volume). Actinomycetes were inoculated in agar plates, incubated at 30°C, and examined daily for 10 days. The diameter of soluble crystals surrounding the inoculation site was measured for positive lipase production.
In vitro screening of plant growth-promoting (PGP) activities
Plant growth activities (phosphate solubilisation, hydrogen cyanide production, siderophore production, nitrogen fixation activity and phytohormone production) were screened for all the active antagonistic actinomycetes. Actinomycete isolates were inoculated in YM medium broth for seven days at 30°C and inoculated in the specific media plates for each plant-growth activity determination. All diameters that indicated positive results were measured by subtracting the actinomycete colony diameter from the combined positive zone diameter and the actinomycete colony diameter. Hydrogen cyanide and nitrogen fixation ability were observed based on a qualitative scale.
Phosphate solubilisation
Isolates were spot inoculated on Pikovskaya's agar consisting of yeast extract
, and agar (17 g/L). The pH value of the medium was adjusted to 7.0 prior to sterilisation. The inoculated plates were incubated at 30°C for 7-10 days. The appearance of a halo around the soluble growth suggested phosphate solubilisation activity and the halo was measured.
Hydrogen cyanide (HCN)
Hydrogen cyanide (HCN) production tests were performed in Tryptone Soy Agar (TSA) supplemented with 4.4 g/L of glycine. Actinomycete cultures were streaked on the entire plate and placed on Whatman No. 1 filter paper (previously impregnated with picric acid solution) on the lid of the petri dish. Inoculated plates with the picric acid solution filter papers were sealed properly and incubated at 30°C for 5-7 days. A positive reaction for in vitro HCN production was indicated by qualitative observation of changes in the filter paper colour from yellow to orangebrown.
Siderophore production
Siderophore production of actinomycetes was screened on Chrome azurol S (CAS) agar medium as described by Mahmoud and Abd-Alla (2001) . The diameter of the yellow halo surrounding the actinomycete growth was measured and indicated a positive CAS reaction.
Nitrogen fixation
Nitrogen fixation ability was tested by growing the isolates in nitrogen-free (NF) medium as described by Eskew et al. (1977) with slight modification. The composition of the NF medium was as follows (g/L): DL-malic acid (5.0), K 2 HPO 4 (0.5), MgSO 4 .7H 2 O (0.2), KOH (4.0), NaCl (0.1), CaCl 2 (0.02), 0.5% bromothymol blue in 0.2 M KOH solution (2.0 mL), 1.64% FeEDTA solution (4.0 mL), sterile filtered vitamin solution (1.0 mL) and sterile filtered micronutrient solution (2.0 mL). The pH was adjusted to 6.5 and 18.0 g agar was added to the final volume. Vitamin solution composition was as follows: biotin (0.01 g) and pyridoxine (0.02 g) in 0.1 L distilled water. The micronutrient solution consisted of Na 2 MoO 4 (0.2 g), MnSO 4 .H 2 O (0.235 g), H 2 BO 3 (0.28 g), CuSO 4 .5H 2 O (0.008 g) and ZnSO 4 .7H 2 O (0.024 g) in 0.2 L distilled water. The inoculated plates were incubated for seven days at 30°C. The isolates' ability to fix N 2 was observed from qualitative observation of blue coloration surrounding the growth.
Indole acetic acid (IAA)
Production of phytohormone or indole acetic acid (IAA) was determined according to Kaur et al. (2013) . Actinomycetes from YM agar (7-day incubation period) were inoculated in YM broth supplemented with 0.2% L-tryptophan. The broth was incubated in an incubator shaker at 30°C for seven days with 180 x g shaking. The broth was centrifuged at 10,0000 g for 10 minutes, and 1.0 mL of supernatant was collected. Salkowski reagent (1.0 mL of 0.5 M FeCl 3 in 50 mL of 35% HClO 4 ) was added to the supernatant at a ratio of 2:1 and incubated at room temperature for 25 min. Development of a pink colour indicated the IAA production, and determination was performed using a spectrophotometer at 535 nm. The IAA production from each isolate was compared with the IAA standard and a standard curve was prepared using different concentrations of pure IAA (0, 1, 2, 3, 4, 5, 6, 7, 8, 9 and 10 mg of IAA/mL). The supernatant from uninoculated test tubes in which no visible colour was observed, was used as a control.
Identification of potential actinomycete strains using molecular identification
Genotypic characterisation of active antagonistic actinomycetes was performed using 16s rRNA amplification with the universal primer 8F (5'AGAGTTTGATCCTGGCTCAG3') and the 1492R (5'GGTTACCTTGTTACGACTT3') primer pair synthesised by Integrated DNA Technologies (IDT), Singapore. Genomic DNA was extracted using the Genomic DNA Mini Kit (GeneAid). The PCR reaction mixture (50 µL) consisted of 1.0 µL of forward primer, 1.0 µL of reverse primer, 25 µL of DreamTaq Green Mastermix (Thermo Scientific), 6.0 µL of template DNA and 8.5 µL of nuclease-free water. The PCR reactions were performed in a thermal cycler (MJ Mini Personal Thermal Cycler, Bio-Rad) with the following procedure: initial denaturation at 95°C for 3 min; 35 cycles of denaturation (1 min at 95°C), annealing (1 min at 57°C) and extension (1 min at 72°C); and finally, final extension at 72°C for 10 min (Turner et al. 1999) . Amplified PCR products (5 µL) were fractionated in 1% agarose in 1 x TAE. Gels were stained with FluoroSafe DNA Stain (1 st Base) and photographed under UV light (312 nm). The PCR products were purified using the Qiaquick PCR Purification Kit (Qiagen, Hilden, Germany) and outsourced to 1 st Base Sdn. Bhd. for sequencing. The sequence data were aligned and identified using the Basic Local Alignment Search Tool in BLAST (NCBI, USA). Identified sequence alignments were compared with the NCBI GenBank database.
Statistical analysis
Experiments were conducted using Completely Randomised Design (CRD) for actinomycete population, antibacterial activity, hydrolytic enzyme production and plant growth-promoting activities (siderophore and phosphate solubilisation) for quantification analysis. Data collection was subjected to the analysis of variance and means were compared using the Least Significant Difference (LSD) test at the 0.05 probability level. A distance matrix for different antagonistic actinomycetes was analysed using Ward's minimum variance in the PROC CLUSTER procedure of the SAS 9.3 software (SAS Institute Inc.). A distance matrix was constructed based on quantitative and qualitative data from hydrolytic enzyme and plant growth analysis.
RESULTS AND DISCUSSION
Actinomycete population and isolation
This study was conducted to highlight the presence of actinomycetes in the rice field ecosystem and characterise the strains that produced antagonistic activity against Xoc. Significant differences were observed in the population of actinomycetes recovered from different rice varieties, plant ages and sampling locations (Table 1) . Rice cultivar MR253 at the flowering growth stage showed higher actinomycete populations compared with those of MR219 at the maximum tilling stage, except for the rhizosphere sample. The actinomycete population in the rhizosphere ranged from 93.09 x 10 3 CFU/g to 359.60 x 10 3 CFU/g, and the highest value was recorded in the MR219 variety at the maximum tilling growth stage. Endophytic actinomycetes from the roots and shoots showed the lowest population (p<0.05) in every sampling location compared with those of soil samples and the rhizosphere. The highest number of actinomycetes was isolated from the Tanjung Karang, Selangor rice field area. A total of 92 isolates were obtained from this study and were isolated from different sources, i.e., 39 soils, 42 rhizospheres, eight endophytic roots and three endophytic leaves (Table 2) . Separation of actinomycete isolates was performed based on such morphological characteristics as colony colour, margin of colony, colony surface, aerial mycelium and substrate mycelium. The highest actinomycete population was recorded from the rhizosphere compared with other samples or plant components. Continuous supply of beneficial substrates derived from the plant roots exudation provides a beneficial nutrient to microorganism population in rhizosphere soil.The plant rhizosphere provides a dynamic ecosystem that influences microbial activity, structure and diversity through root exudation (Grayston et al. 1996; Garbeva et al. 2008) . The rhizosphere at the maximum tillering stage actively supported plant growth compared with the flowering stage, during which growth was slightly static. Plant cultivars and growth stages are also significant determinants of microbial community development in the soils (Naher et al. 2009 ).
Antimicrobial activities against pathogenic
Xanthomonas oryzae pv. oryzicola. All the 92 actinomycete isolates were screened for antagonistic activity as indicated by clear zone production on the media inoculated with Xoc (Fig.  1) . A total of 20 actinomycete strains demonstrated antagonistic activity against Xoc, as shown in Figure 2 , which represented only 21.74% of the total isolated strains. Other isolates demonstrated no antimicrobial activity against Xoc via this method. Most of the active antagonistic strains were isolated from the rhizosphere (35%), followed by the soils (30%), internal roots (25%) and leaves (20%). The inhibition zone (subtraction of actinomycete colony growth length at the centre plate from combined length of inhibition zone and actinomycete growth), which represented a positive result for antagonism, ranged from 2.00 mm to 17.67 mm. Isolate SS8 from the rhizosphere in the Tanjung Karang rice field showed the highest antagonistic activity (p<0.05) compared with other active isolates. Screening for the antibacterial activity against pathogens is an essential step for preliminary assessment of the antibacterial effects of potential isolates for further studies. In this study, the chloroform vapour method successfully ascertained the antibacterial activity of actinomycetes against Xoc, and the same method was used in previous study to assess the antibacterial activity of Streptomyces setoni, Bacillus subtilis and fluorescent pseudomonads against the plant pathogen Ralstonia solanacearum (Lemessa and Zeller 2007) . Based on this study, the chloroform vapour method was capable of producing a clear inhibition zone for preliminary assessment of antibacterial and antagonistic activity. All tests were performed in triplicate, and the results were averaged. The means in a -row followed by different lower case letters are significantly different (LSD α = 0.05) based on sample source/plant components. The means in a -column followed by different upper case letters are significantly different (LSD α = 0.05) based on sampling locations. 
Identification of actinomycetes using a molecular method
All the active antagonistic isolates were subjected to 16s rRNA amplification for actinomycete identification. All the isolates were successfully amplified and produced DNA fragment sizes of approximately 1450 bp. The antagonistic actinomycetes were successfully amplified by 16s rRNA amplification (Table 3) . Sixty percent of a total of 20 isolates were homologically similar to various species under the Streptomyces genus available in the GenBank database. Other potential actinomycetes were identified under the genera Nocardia (15%), Microbacterium (10%), Tsukamurella (5%), Pseudonocardiaceae (5%) and Amycolatopsis (5%). In this study, the majority of active antagonistic actinomycetes against Xoc belonged to the Streptomyces strain isolated from the soils and the rhizosphere. A number of studies confirmed the abundance of Streptomyces as a dominant genus population in the soils and the rhizosphere (Shirokikh et al. 2006) and led to various studies on its antagonistic potential towards plant pathogens. Streptomyces are well-known as industrially useful compound producers and have drawn continuous attention in new bioactive compound screening derived from this genus. Previous studies proved that Streptomyces strains are capable of producing antibiotics and extracellular enzymes for biocontrol and plant growth-promoting activities (Inbar et al. 2005; Jog et al. 2012 ).
Hydrolytic enzyme production and plant growth-promoting potential Actinomycete isolates that tested positive in the antimicrobial test against Xoc demonstrated positive reactions in different hydrolytic enzyme production tests (amylase, protease, lipase and cellulose). Isolates TKSB1, TKSC3 and SS8 showed positive reactions for all enzymes production. Isolates TKSC3 and SS8 were also positive and produced the highest result for antibacterial activity from the previous experiment. From 20 antagonistic actinomycete isolates, 85% produced at least one hydrolytic enzyme, and the remainder showed no hydrolytic enzyme production (isolates TKSB2, SL1 and KIRJ8). Indications for positive results of all enzyme production tests are shown in Table 4 . The screening results for PGP traits are depicted in Table 5 . Only 30% of 20 antagonistic actinomycetes were positive in the phosphate solubilisation test, i.e., 65% for siderophore production, 30% for nitrogen fixation activity and 10% for hydrogen cyanide production. The IAA or phytohormone production was detected in all the potential actinomycete isolates with values ranging from 0.64 to 17.76 µg/mL. Isolate TKSB5 showed the highest value for IAA production at 17.76 µg/mL. All the isolates demonstrated at least one trait of plant growth-promoting potential. Data from this study proved that the highest antiXoc pathogen activities not only displayed antagonistic activity characteristics but also tested positive for plant growth activity and hydrolytic enzyme production. The potential for development of actinomycetes as a biocontrol agent was primarily indicated by the antagonistic activities mechanism, which could act: a) directly via an antibiosis or lysis mechanism, or b) indirectly by inducing plant defences and growth promoter substances (Berg and Hallmann 2006) . The antibiosis mechanism is facilitated by antibiotic compounds, and the lysis mechanisms are facilitated by amylase, protease, chitinase, cellulase and lipase enzymes produced by the actinomycetes. Additionally, such plant growthpromoting activities as indole acetic acid (IAA) production, siderophore production, phosphate solubilisation, hydrogen cyanide, ammonia production and nitrogen fixation characteristics indirectly aid in combating disease development. Characterisation of novel biocontrol agents should not be highlighted by antagonistic activity alone because other characteristics (i.e., hydrolytic enzyme producers and plant growth promoters) are also important for a successful biocontrol agent.
Combination of hydrolytic enzymes or other antagonistic mechanisms result in a higher level of antagonism than that obtained from a single mechanism alone (Howell 1998) . Preliminary assessments of these characteristics are important for the best selection of biocontrol agent candidates. From this study, active antagonistic actinomycetes were grouped by cluster analysis based on plant growth promoter and hydrolytic enzyme producer characteristics. Cluster 1 was represented by the Streptomyces strain that demonstrated the highest value and positive result for both hydrolytic and plant growth-promoting enzymes.
Cluster analysis by Ward's Method (SAS) based on hydrolytic enzyme and plant growthpromoting analysis A cluster analysis was run on the sample scores (SAS version 9.3) using Proc Cluster and Ward's method to group the strains based on hydrolytic enzyme and plant growth-promoting traits. A dendrogram was created using the Proc Tree program. Semi-partial R-squared values showed three different clusters with branches splitting at 0.15 (Fig. 3) . growth-promoting analysis. Cluster analysis using Ward's minimum variance was performed to assess the degree of similarity. Semi-partial R-squared values indicate the proportion of variance estimated for each of the nodes. For identities of strains, please refer to Table 3 .
Cluster 1 was dominated by Streptomyces strains KIRL4 (Streptomyces sp. N7), SS9 (S. hygroscopicus), TKSB4 (Streptomyces sp. T1), SS8 (Streptomyces sp. SW4-2s), TKSC3 (S. shenzhenensis) and TKSB5 (S. koyangensis). The highest and strongest antagonistic activity of actinomycete strains (SS8, TKSC3, TKSB5 and SS9) based on in vitro assay tested against Xoc were grouped together in Cluster 1 in Figure 3 , which proved that Streptomyces strains isolated from this study could be used as antibiotic and hydrolytic enzyme producers as well as plant growth promoters. Plant growth-promoting and biocontrol properties are both important traits in crop yield and production (Verma et al. 2011) and their beneficial attributes are largely dependent on their capability of producing secondary metabolites (Kunoh 2002) . Thus, preliminary screening via in vitro assay is important as initial step in selecting the best actinomycetes with multi beneficial attributes as plant growth regulators and biocontrol agent properties.
CONCLUSION
This study is the first report to describe the in vitro activity of actinomycetes against the Xoc pathogen and in vitro screening for plant growth and hydrolytic enzyme traits of each potential strains. Preliminary analysis based on antibiotic activity, hydrolytic enzyme and plant growth hormone production facilitated the best selection of actinomycete candidates. Streptomyces were the most promising strains isolated from this study and further studies would be required to evaluate their potential as biocontrol and plant growth promoters under greenhouse and field conditions. Secondary metabolites that are responsible for the antagonistic effects will be further studied for a more comprehensive understanding.
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